The MRP gene contributes to one form of multidrug resistance. To identify drugs interacting with MRP, we measured MRP mRNA expression by quantitative PCR in 60 cell lines of the National Cancer Institute Anticancer Drug Screen. Expression was detected in all cell lines (highest in lung carcinomas and central nervous system tumors) with a range of 14-fold. A mean graph of MRP mRNA levels was constructed to determine Pearson correlation coefficients (PCCs) with mean graphs of Ͼ40,000 compounds using the COMPARE analysis. Only 20 compounds had PCCs of Ն0.500. The PCCs for VP-16, doxorubicin, and vincristine were 0.008, 0.13, and 0.257, respectively. Initially, 36 compounds with PCCs of Ն0.428 were analyzed using two MRP-overexpressing cell lines; low levels of cross-resistance was demonstrated for 23 compounds (1.3-9.4-fold). Twenty-four compounds also were available for further studies. Using a fluorescence activated cell sorter assay to measure competition of calcein efflux from MRP-overexpressing cells, 10 compounds were found to increase calcein retention by Ն2-fold. Ten compounds also were able to reduce ATP-dependent [ 3 H]LTC 4 transport into vesicles from MRPoverexpressing cells. These results contrast with previous studies with MDR-1 in which high correlations were found and confirmed for a large number of compounds. Although other assays may be more revealing, in these unselected cell lines, MRP mRNA expression was a poor predictor of drug sensitivity. This raises the possibility that other factors, including conjugating enzymes, glutathione levels, or other transporters, confound the MRP effect.
Studies of drug-resistant cells have identified numerous putative mechanisms, including alterations in drug target, drug disposition, and drug efflux (Beck et al., 1995; Brock et al., 1995; Hasegawa et al., 1996) . Although these mechanisms often have been identified in cell lines with acquired resistance, studies with unselected cell lines and clinical samples often have found correlations between drug sensitivity and expression of drug-resistance genes, suggesting these mechanisms most likely contribute not only to acquired resistance but also to intrinsic drug sensitivity (Bordow et al., 1994; Baldini et al., 1995; Leith et al., 1995) .
The mechanism of MRP-mediated resistance is not fully clarified. Although increased drug efflux and reduced accumulation have not been demonstrated consistently in all sublines overexpressing MRP, it generally is accepted that this protein functions to export drugs (Zaman et al., 1995) . Less clear, however, is the requirement for prior drug metabolism/conjugation and how essential these modifications are in the drug-resistant phenotype. Studies demonstrating MRP-mediated transport of a variety of GSH, glucuronide, and sulfate conjugates, most notably, the cysteinyl leukotriene LTC 4 support the thesis that prior drug modification must occur; although the evidence is less clear that for most chemotherapeutic agents such metabolism occurs (Jedlitschky et al., , 1996 Leier et al., 1994; Muller et al., 1994; Loe et al., 1996a Loe et al., , 1996b Shen et al., 1996) . Although the ability to metabolize drugs may be acquired, it also is possible that such mechanisms exist in unselected cells and that these may be in excess. The latter may be especially important if one considers MRP-mediated transport as a mechanism of intrinsic resistance because expression is almost universal.
To better understand the role of MRP in mediating intrinsic resistance and with the hopes of identifying additional agents whose transport can be mediated by MRP, we characterized MRP expression in the 60 cell lines of the National M.A. was supported in part by a grant from Fondecyt (Project 1960475) . The order of the first two authors is to be considered arbitrary.
Cancer Institute Anticancer Drug Screen. Expression was documented in all 60 cell lines, with a range of expression of 14-fold. When these values were used as a "seed" in a COM-PARE analysis, only low correlations were observed, suggesting that expression of MRP alone could not predict drug sensitivity. In the current report, we describe the results of these studies and discuss possible explanations for the observed results.
Experimental Procedures
Materials. Calcein AM was obtained from Molecular Probes (Eugene, OR). Doxorubicin was purchased from Adria Laboratories (Columbus, OH). Probenecid, ATP, creatine phosphate, creatine kinase, neuraminidase from Clostridium perfringes, and PMSF were purchased from Sigma Chemical (St. Louis, MO). [14,5,9,20- 3 H]LTC 4 was obtained from Dupont NEN Life Science Products (Boston, MA). Compounds identified through analysis of the drug screen data as potential MRP-interacting drugs were obtained from the Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute (National Institutes of Health, Bethesda, MD).
Cell lines and cell culture. The cell lines comprising the National Cancer Institute Anticancer Drug Screen panel were obtained and processed as described previously (Monks et al., 1991) . Briefly, after an initial acquisition, in vitro expansion was followed by cryopreservation of a large number of master stock samples, for serial rethawing at 20-passage intervals. In addition, six multidrug-resistant cell lines and their respective parental cells were used in the validation studies. [Some of these were kindly provided by Dr. Austin Doyle (UMCC-1/VP) (Doyle et al., 1995) ; Dr. A. Hindenburg (HL-60/ AR) (Bhalla et al., 1985) ; and Drs. Erasmus Schneider and Ken Cowan (MCF7/VP) (Schneider et al., 1994) .] These cell lines were used to determine the relative cytotoxicity of compounds either in MRP-overexpressing cells and the respective parent or in the calcein efflux assay described below. The parental cells included the small cell lung carcinoma cell line UMCC-1, the human leukemia cell line HL-60, estrogen receptor-positive MCF7 and ZR-75B human breast carcinoma cells, and estrogen receptor-negative MDA-MB231 human breast carcinoma cells. The resistant cell lines included three [UMCC-1/VP (4 M), MCF7/VP (4 M), and HL-60/AR (1 M)] that have been described previously (Bhalla et al., 1985; Schneider et al., 1994; Doyle et al., 1995) . The other three cell lines were initially isolated as single clones from their respective parental cells, and the clones then were exposed to increasing concentrations of VP-16 as a population. They are designated MCF7/VP17 (1500 ng/ml), ZR/VP13 (900 ng/ml) and MDA/VP7 (3000 ng/ml). The parental cells and the resistant sublines were grown in monolayers or in suspension in Eagle's minimum essential medium containing 10% fetal bovine serum, 2 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin in 5% CO 2 at 37°. The resistant sublines have been maintained continuously in VP-16 or adriamycin at the concentrations indicated in parentheses.
RNA extraction and electrophoresis. RNA was isolated from the 60 cell lines over a period of 8 weeks. Total cellular RNA was extracted from cells by homogenization in guanidine isothiocyanate followed by centrifugation over a cesium chloride cushion. After isolation, careful measurements of RNA concentrations were made. Comparability of quantities and RNA quality were determined by electrophoresis on a 6% formaldehyde gel, followed by ethidium bromide staining. Where a discrepancy was observed, quantitation and electrophoresis were repeated.
Quantitative PCR. Quantitative PCR for MRP was performed using the forward primer 792 5Ј-CGGAAACCATCCACGACCCTA-ATC-3Ј and the reverse primer 1086 5Ј-ACCTCCTCATTCGCATC-CACCTTGG-3Ј (GenBank Accession no. LO5628). In an initial experiment, 125 ng of RNA was reverse transcribed and amplified for 30 cycles to obtain an estimate of MRP expression. With 125 ng of RNA, MRP expression was detected in the 60 cell lines. Precise quantification then was performed using serially diluted samples. RNA isolated from SW620 human colon carcinoma cells cultured in the laboratory was used as a reference standard. Expression of MRP could be readily detected in 125 ng of RNA and in serial dilutions around this. At these dilutions, PCR is in the exponential range. RNA from the SW620 cell line was serially diluted and amplified in every experiment, and a sample was included in every gel. Thus, in every experiment, the reaction conditions were internally controlled, and in every gel, a reference standard was included. The level in the SW 620 cell line was arbitrarily assigned a value of 10, and all other values were determined relative to this. All quantifications were performed by densitometry.
Cytotoxicity assays. Cytotoxicity assays were performed as described previously (Skehan et al., 1990) . Briefly, 300-1000 cells/well plated onto 96-well dishes were incubated overnight, after which drug was added and the cells were incubated for an additional 5 days. At the end of the incubation period, cells were fixed with trichloroacetic acid and stained with 0.4% sulforhodamine B dissolved in acetic acid. Unbound dye was removed by washing four times with 1% acetic acid, and protein bound dye was extracted with 10 mM unbuffered Tris base. Absorbance was determined with a 96-well microtiter plate reader.
COMPARE analysis and determination of PCCs. The version of COMPARE used in this work differs from the original version of COMPARE that made comparisons based on calculated mean differences (⌬) (Paull et al., 1989) . The current version of COMPARE is configured to calculate pairwise correlations with the Ϫlog 10 of one of the specific National Cancer Institute cell line activity parameters GI 50 , TGI, or LC 50 (Boyd et al., 1992) . The GI 50 is the National Cancer Institute designation for a time zero-corrected IC 50 value and is defined as the concentration of an agent that causes a 50% growth inhibition. Thus, Ϫlog 10 (GI 50 values) for a seed or probe compound are correlated with the corresponding data from each compound in a database. In this study, the GI 50 data were used in the COMPARE studies, with the MRP mean graph or fingerprint data derived from the MRP expression values. The correlation coefficients used were the PCCs output by the SAS procedure PROC CORR (SAS Institute, Cary, NC) using the out ϭ output option. Previous studies had demonstrated that with these calculations, PCCs differed little from Spearman correlation coefficients. In contrast to the original use of COMPARE where the cytotoxicity profile of a compound whose activity had been determined in the 60 cell lines was configured as a mean graph or fingerprint and used as the probe in the COMPARE analysis, the probe used in this study was the fingerprint or mean graph generated from the data of expression of MRP in the 60 cell lines. The larger the level of MRP, the greater the potential drug resistance of that cell line to those agents whose activity is modulated by MRP. The COMPARE databases store the screening data as Ϫlog (GI 50 ) for historical reasons related to the mean graph sign conventions. This means that data from more drug-resistant cell lines are stored with smaller (more negative) values than those from drug-sensitive cell lines. Therefore, by taking the negative of the MRP values, the highest positive correlations should be obtained with database compounds whose drug resistance was best correlated with MRP expression. Taking the positive of the MRP values would be expected to result in the highest positive correlations with compounds that are active in cell expressing high levels of MRP. Finally, to make the operation of this special application of COMPARE more easily visualized, we invoked the paradigm of the mean graph (Paull et al., 1989) and constructed a mean graph of the MRP seed values.
Northern blotting. Total RNA (20 g/lane) was separated on a 6% formaldehyde gel and transferred to Hybond N ϩ with 10ϫ standard saline citrate. The membrane was hybridized at 42°overnight with radiolabeled probe in Hybrisol I (Oncor, Gaithersburg, MD). Synthetic oligonucleotides corresponding to the published cDNA sequence of human MRP were used to isolate by RT-PCR specific . After three washes in Tris-buffered saline/Tween 20, the membranes were incubated with horseradish peroxidase-conjugated anti-mouse secondary antibody at a dilution of 1:1000 for 1 hr. Five washes then were performed, and immunolabeled protein was detected by chemiluminescence.
Calcein efflux by flow cytometry. Single-cell suspensions were prepared from log phase cells either by trypsinization (MCF7 and MCF7/VP) or by vigorous agitation (UMCC-1 and UMCCVP). The suspensions were aliquoted into round-bottomed 96-well plates. The cells were sedimented and resuspended in complete media (phenol red-free Eagle's minimum essential medium with 10% fetal calf serum) containing 0.25 M calcein AM with or without 5 mM probenecid and incubated at 37°in 5% CO 2 for 30 min. After incubation, the cells were again sedimented at 300 ϫ g and washed once in DPBS. Cells that were to be analyzed for calcein accumulation were washed a second time, resuspended in DPBS, and kept on ice in the dark until analyzed. The remaining cells were resuspended in calcein AM-free complete medium with or without probenecid and incubated at 37°in 5% CO 2 for a 1-hr efflux period. After the efflux period, the cells were sedimented and washed twice with DPBS. The samples were resuspended in DPBS and kept on ice in the dark until analyzed.
When testing drugs potentially interacting with MRP, cells were resuspended in complete medium containing calcein AM with or without 10 or 100 M drug and incubated at 37°in 5% CO 2 for 30 min. The cells were sedimented, washed once with DPBS, resuspended in medium with or without 10 or 100 M drug, and incubated for 1 hr at 37°in 5% CO 2 . The cells were sedimented and washed twice with DPBS. A FACSort flow cytometer (Becton Dickinson, San Jose, CA) with a 488-nm argon laser was used to analyze the samples. Calcein fluorescence was collected after a 530-nm bandpass filter. A minimum of 10,000 events were collected per sample, and the samples were gated on forward scatter versus side scatter to exclude clumps and debris.
Preparation of membrane vesicles. Membrane vesicles were prepared by nitrogen cavitation from HL-60, HL-60/AR, MCF7, and MCF7/VP cells, as described previously (Cornwell et al., 1986) . Briefly, 10 9 cells were washed by centrifugation at 1,000 ϫ g for 5 min with DPBS containing 1% aprotinin and then with vesicle buffer (10 mM Tris⅐HCl, pH 7.5, 0.2 mM CaCl 2 , 250 mM sucrose, and 2 mM PMSF). Cell pellets were resuspended into vesicle buffer and equilibrated at 4°under a nitrogen pressure of 500 psi for 60 min. EDTA was added to the lysed cell suspension to a final concentration of 1 mM. The lysed cell suspension was diluted 1:4 with dilution buffer (10 mM Tris⅐HCl, pH 7.5, 250 mM sucrose, and 2 mM PMSF). To remove nuclei and unlysed cells, the lysed cell suspensions were centrifuged at 4,000 ϫ g for 10 min. The supernatant was layered onto a 35% sucrose cushion (10 mM Tris⅐HCl, pH 7.5, 35% sucrose, and 1 mM EDTA) and ultracentrifuged at 16,000 ϫ g for 30 min. The interface was collected, diluted with dilution buffer, and then ultracentrifuged at 100,000 ϫ g for 45 min. The vesicle pellet was resuspended in dilution buffer using a 23-gauge needle. Vesicles were stored at Ϫ70°until the time of use. The protein levels were determined by the method of Bradford (1976) . Sialidase accessibility for the determination of inside-out vesicles was examined as described (Ishikawa, 1989; Ishikawa and Ali-Osman, 1993) .
[ 3 H]LTC 4 uptake by membrane vesicles. Uptake of [ 3 H]LTC 4 by vesicles was measured by filtration as described previously (Ishikawa, 1989; Ishikawa and Ali-Osman, 1993) . The incubation medium contained membrane vesicles (50 g of protein), [
3 H]LTC 4 (0.025 Ci; 0.189 pmol), 250 mM sucrose, 10 mM Tris⅐HCl, pH 7.4, 10 mM MgCl 2 , 10 mM creatine phosphate, 100 g/ml creatine kinase in a final volume of 100 l with or without 1 mM ATP, and various concentrations of the test drugs. The reaction was carried out at 37°a nd stopped with 4 ml of ice-cold stop solution (250 mM sucrose, 100 mM NaCl, and 10 mM Tris⅐HCl, pH 7.4). The diluted samples were passed through Millipore (Bedford, MA) filters (GVWP, 0.22-m pore size) under light suction to measure the trapped [ 3 H]LTC 4 in the vesicles. The filters were washed with ice-cold stop solution and air dried. Each filter was placed in scintillation fluid, and radioactivity was determined by liquid scintillation counting. To confirm whether the amount of [ 3 H]LTC 4 accumulated by membrane vesicles was actual transport into vesicles or binding to membranes, experiments were conducted to determine the uptake of [ 
Results
Previous experience measuring MDR-1 and other molecular targets in the cell lines of the National Cancer Institute Anticancer Drug Screen had demonstrated that the quantitative PCR methodology used provided accurate measurements of expression (Alvarez et al., 1995) . These observations, combined with the demonstration that in a number of unselected cell lines antibodies could not detect MRP protein expression (Matsumoto Y, Nishiyama K, Bates S, and Fojo T, unpublished observations and experiments described in legend to Fig. 6 ), were catalysts for measuring MRP mRNA expression using the quantitative PCR methodology described previously (Alvarez et al., 1995) . Fig. 1 shows representative results for lung and colon carcinoma cell lines. Varying amounts of RNA were analyzed in serial 2-fold dilutions to ensure that the exponential range of amplification was assayed. In all cases, RNA from SW620 cells was included as a reference control to control for variations in reaction efficiency from experiment to experiment, as well as technical variations, and to provide a reference value. Previous studies had demonstrated that the primers used could sustain exponential amplification over the range studied (Zhan et al., 1997) . A 2-fold increase is evidence that the amplification is in the exponential range and that a valid result can be derived. Using this approach, the MRP level was determined in the 60 cell lines at least twice. These levels were calculated using the input RNA as the standard. Previous studies using these same samples in the analysis of MDR-1 expression demonstrated that standardization with ␤ 2 -microglobulin did not significantly change the results (Alvarez et al., 1995) . The results in the 60 cell lines are depicted graphically in Fig. 2 , according to the tissue of origin. Although there was considerable overlap among the different tissue types, the highest levels were observed in lung carcinoma-and central nervous system tumor-derived cell lines; whereas the lowest levels were found in colon carcinoma-and melanoma-derived cell lines. Unlike previous experience with MDR-1 where expression was detected in only 39 of the cell lines, MRP expression was detected in all cell lines over a 14-fold range (2.6 -36). Fig. 2 also depicts the mean graph or fingerprint generated using values of calcein efflux as discussed below.
It has been previously established that the drug sensitivity profile of a given drug depends on the drug's mechanism(s) of action or target(s) and mechanism(s) of resistance Lee et al., 1994; Alvarez et al., 1995) . Thus, having measured the expression of MRP in the 60 cell lines, we sought to determine the PCCs between the MRP values and the drug sensitivity profiles of ϳ40,000 compounds previously analyzed and stored in the National Cancer Institute Drug Screen database. To determine this correlation, we used a modified version of COMPARE that was used previously in a similar analysis with MDR-1 values. In this modified version, the fingerprint or mean graph of the MRP values was used as the probe in the COMPARE analysis, after multiplication by Ϫ1. In this way, the MRP COMPARE should rank higher those compounds that are less potent against cells with high MRP expression and more potent against cells with low MRP expression. An example of this analysis is shown in Fig. 3 , which depicts the fingerprint or mean graph of the MRP values, compared with the mean graph of NSC 626482, a compound with one of the highest PCC (0.529). By convention, bars pointing to the left in the mean graph represent a resistant cell line or in the case of MRP expression, a high level of expression, which would be predicted to confer drug tolerance. The poor correlation observed with this compound is evident from the figure. The highest PCC was 0.615, but only 20 of the nearly 40,000 compounds had PCCs above 0.500. PCCs for drugs whose activity has been previously shown to be modulated in MRPoverexpressing cell lines, as well as several commonly used anticancer agents, were also very low. The PCCs for VP-16, doxorubicin, and vincristine were 0.008, 0.13, and 0.257, respectively. The chemical properties of the compounds was unremarkable. In a previous analysis, we observed an average molecular weight of 325 for 452,084 compounds in the National Cancer Institute chemical database. A more recent analysis of 93,831 compounds gave marginally higher average molecular weight values (mean, 399; median, 346; mode, 296) . In addition, the mean molecular weight for compounds with high correlations with MDR-1 expression or rhodamine efflux (the majority were confirmed as P-glycoprotein substrates) was 600 (Lee et al., 1994) . By comparison, the compounds in the MRP COMPARE had a mean molecular weight of 444, a median of 374, and a mode of 373. The percentage of compounds with at least one positively charged atom at physiologic pH was 40%, less than but not dissimilar to the 44% cationic substrates found previously for MDR-1 substrates. There was one anionic compound among the 50 compounds with the highest PCCs, but this compound also had a quaternary nitrogen positive charge; so there really were no anionic compounds. Similar results were obtained whether the data for MRP expression were entered as the calculated value or the log of the calculated value.
Although the low PCCs and the lack of common structural features suggested that the analysis had failed to identify compounds whose toxicity might be consistently significantly modulated by MRP expression, we nevertheless sought to verify the results. Initially, we determined the cytotoxicity of 36 compounds with PCCs of Ն0.428 using the MRP-overexpressing cell lines MCF7/VP and ZR/VP13 and parental MCF7 cells and ZR-75B (Schneider et al., 1994; Matsumoto et al., 1997) . These 36 were chosen because sufficient quantity was available for the preliminary studies. It should be emphasized that the choice was based solely on availability and that no bias was introduced into the selection. The 36 included 21 of the 30 compounds with PCCs above 0.481 (for the other nine compounds, no material or insufficient material was available). Of these 36 compounds, 23 were found to be more toxic to the parental cells than to the resistant sublines (1.3-9.4-fold more toxic). The cytotoxicity curves for three of these compounds are shown in Fig. 4 , where their relative potency is compared with the results obtained with VP-16. The chemical structures of 11 of the compounds are depicted in Fig. 5 . Of these 36 compounds, larger quantities were available for further studies for 24 compounds. The data for these 24 compounds that were evaluated further as described below are summarized in Table 1 .
To further characterize potential interactions of these compounds with MRP, competition of calcein efflux in MRPoverexpressing cell lines was evaluated. Previous studies have shown that calcein efflux is increased in MRP-overexpressing cell lines compared with parental controls (Feller et al., 1995) . As a first step to validate this assay, we compared calcein efflux in six drug-selected cell lines overexpressing MRP, with calcein efflux in parental cells. Fig. 6A demonstrates the expression of MRP mRNA in these cell lines as determined by Northern analysis of total RNA and the level of MRP protein detected by immunoblotting. Using a fluorescence activated cell sorter-based assay, calcein efflux was found to be increased in all six cell lines compared with their respective parental cells, and the efflux could be modulated by 5 mM probenecid, a drug previously reported to compete MRP-mediated calcein efflux (Versantvoort et al., 1995) . Fig.  6B demonstrates representative histograms in parental MCF7 cells and the MRP-overexpressing subline MCF7/VP. Calcein fluorescence after a 30-min accumulation period (control) is compared with that after a 1-hr efflux in the absence of an added antagonist (efflux) or in the presence of 5 mM probenecid (probenecid efflux). The extent of efflux was calculated as either the difference (in mean channel numbers) between the control value and the value obtained after efflux in the absence of probenecid or the difference between efflux in the presence of probenecid and that in the absence of probenecid. When these two values were calculated, a high correlation was observed. Furthermore, as shown in Fig. 6 , C and D, when the values representing the difference between efflux in the presence of probenecid and efflux in the absence of probenecid (shift in mean channel numbers) were plotted against the levels of MRP mRNA determined by the Northern analysis or the protein level was determined by immunoblotting, significant correlations were obtained. Similar high correlations were obtained when the shift in mean channel number was calculated using the control value and the value obtained after efflux in the absence of probenecid.
Having established a significant correlation between MRP expression and calcein efflux in the six drug-resistant cell lines, studies were designed to measure the ability of the compounds identified in the MRP COMPARE to modulate calcein efflux. One compound (NSC 627991) was fluorescent and consequently could not be used in the calcein efflux assay. However, its fluorescent properties allowed for its accumulation to be quantificated, and as shown in Fig. 7A , accumulation in MRP-overexpressing UMCC-1/VP cells was lower than in parental UMCC-1 cells and was ATP dependent with higher accumulation in the absence of ATP. Twenty-three other compounds without significant fluorescence were evaluated by quantificating inhibition of calcein efflux from MRP overexpressing cells (MCF7/VP and UMCC-1/VP).
Using this approach, inhibition of calcein efflux (defined as a 200% increase of calcein fluorescence) could be demonstrated for 10 of the 23 compounds with concentrations of 10 -100 M. Representative experiments are shown in Fig. 7B and are summarized numerically in Table 1 . The degree of inhibition was comparable to that observed after the addition of 5 mM probenecid, performed simultaneously as a positive control. Of the 10 compounds, significant cross-resistance had not been demonstrated in the cytotoxicity assays for four. This Fig. 3 . Comparison of the simulated mean graph of MRP expression with the GI 50 mean graph of compound NSC 626482 (PCC ϭ 0.529) and the mean graph of calcein efflux. The simulated mean graph was derived by using the MRP values shown in Fig. 2 or calcein efflux value discussed in the text. Vertical line in the MRP profile (or fingerprint), mean level of MRP expression in the 60 cell lines. Vertical bars, levels in the individual cell lines relative to this mean value. The size of the bar is proportional to the extent of deviation from this mean. Bars pointing to the left, cell lines whose MRP levels are greater than the mean. Bars pointing to the right, cell lines whose MRP levels are less than the mean. This presentation was chosen because by convention, the mean graphs of all compounds tested in the drug screen present cell lines that are more resistant with bars pointing to the left. A similar presentation was chosen for the calcein efflux values. As shown for NSC 626482, bars representing cell lines that require concentrations higher than the mean for inhibition point to the left; whereas those representing cell lines more sensitive to NSC 626482 than the mean point to the right. Higher MRP levels (bars pointing to the left) would confer resistance to an MRP compound, as would high levels of calcein efflux. To further document an interaction of these compounds with MRP, membrane vesicles were prepared from HL-60 and HL-60/AR cells, and inhibition of LTC4 uptake was measured as shown in Fig. 8 . These cells were chosen for these studies because of extensive previous reproducible experience both in the literature and in our laboratory . The percentage of inside-out membrane vesicles were 43.2% for the HL-60 and 50% for the HL-60/AR membrane vesicle preparations. Fig. 8A shows the time course of 3 H]LTC 4 uptake of 22 of the compounds evaluated in the current study. As can be seen, 10 of the compounds were able to reduce [ 3 H]LTC 4 uptake by Ն25%, with some at concentrations as low as 10 M (data shown are for 100 M for all compounds).
The inability of the MRP mRNA analysis to identify more drugs whose cytotoxicity was significantly affected by MRP expression or to identify higher correlations prompted an attempt to characterize the 60 cell lines using an assay of MRP function. Having validated the calcein efflux assay in the selected cell lines, as described above, calcein efflux was measured in the 60 cell lines of the Anticancer Drug Screen. The efflux of calcein was measured under normal culture conditions, after a 30-min loading period and after an efflux period of 1 hr. Fig. 3 shows the mean graph that was constructed with the data for calcein efflux in 58 cell lines. The values graphed are the difference between the value at the conclusion of a 1-hr period of efflux in the presence of 5 mM probenecid minus the value after a 1-hr efflux period in the absence of probenecid. As shown above, a strong correlation between this value and MRP expression had been shown in the drug-selected cell lines. In contrast to the results obtained with the MRP mRNA measurements, a narrower range of values were found with this assay, and the tissuespecific distribution observed with the MRP mRNA measurements was not as apparent. When the efflux values were compared with the mRNA values, a correlation of only 0.005 was found. Because the latter could reflect the poor predictive value of the mRNA measurements, a fingerprint or mean graph was constructed using the efflux values, and this fingerprint was used as the probe in a COMPARE analysis. As with the MRP mRNA analysis, only low correlations were obtained, with the highest PCC being 0.57, and only 26 compounds had values above 0.5. Again, examination of the structures of the compounds with the highest PCCs failed to identify common structural attributes. Because this approach did not result in a higher correlation, a decision was 
Discussion
The current study describes the characterization of MRP expression in the 60 cell lines of the National Cancer Institute Anticancer Drug Screen and an attempt to evaluate the role of this protein in modulating drug sensitivity in unselected cell lines. MRP mRNA expression was measured by quantitative PCR; and a functional assay was attempted using calcein efflux to quantify MRP-mediated transport. Although low correlations were observed between cytotoxicity and either MRP expression or calcein efflux, some evidence of interaction with MRP was found for more than half of the compounds with the highest PCCs, validating the analysis. However, compared with previous studies measuring other molecular markers, including MDR-1, MRP expression alone was a poor predictor of drug sensitivity in the 60 unselected cell lines of the National Cancer Institute Drug Screen, suggesting that other factors confound the MRP effect.
Unlike molecular markers that are expressed in only a subset of cell lines, MRP mRNA expression was demonstrated in all 60 cell lines of the drug screen panel (Alvarez et al., 1995; Freije et al., 1997; O'Connor et al., 1997; Wosikowski et al., 1997) . Using quantitative PCR, the range of expression was found to be ϳ14-fold; with some differential based on the tissue of origin of the carcinoma. The highest levels were observed in lung and central nervous system carcinomas, and the lowest in melanomas and colon carcinomas. Thus, the fingerprint for MRP demonstrates "tissuedetermined" distribution. The fingerprint data then were used as the probe in a COMPARE analysis to identify compounds whose activity profile is highly correlated with the expression of MRP. Correlations were obtained with Ͼ40,000 compounds in the database. Surprisingly, unlike MDR-1, epidermal growth factor receptor, aldehyde dehydrogenase, and other molecular targets, high correlations were not found with any drugs (Lee et al., 1994; Alvarez et al., 1995; Fitzsimmons et al., 1996; Freije et al., 1997; Wosikowski et al., 1997) . Only two compounds had a PCC above 0.6 and only 20 were above 0.500. Among the 176 standard agents, the highest correlation was only 0.375, including poor correlations with VP-16 (0.008), adriamycin (0.13), and vincristine (0.257), agents previously identified as composing part of the MRPresistance phenotype. Several possible explanations can be invoked for the low correlations compared with those obtained with other molecular targets, and these are discussed below.
Although the PCCs were low, we sought to determine whether the compounds with the highest PCCs could interact with MRP. The initial screening was performed with two etoposide-selected sublines (MCF/VP and ZR/VP13), previously shown to overexpress MRP (Schneider et al., 1994; Matsumoto et al., 1997) . Using these models, modest crossresistance was found to 23 of 36 compounds with PCCs of Ͼ0.428. A sensitivity of 63% (23 of 36) perhaps was not surprising given the low PCCs and contrasts with a 100% predictive value of the higher PCCs obtained when a similar analysis was performed with MDR-1 (Lee et al., 1994; Alvarez et al., 1995) . To further confirm an interaction of these compounds with MRP, we sought to determine whether these compounds could function as antagonists of MRP-mediated drug transport. To do this, we adapted published observations of calcein transport by MRP-overexpressing cell lines and developed an assay to measure inhibition of calcein efflux. Calcein is available commercially as calcein AM, a cellpermeant P-glycoprotein substrate. After uptake, the ester is cleaved, generating calcein, a negatively charged compound that cannot diffuse across membranes but is a substrate for transport by MRP (Feller et al., 1995) . In six independent models composed of parental cells and etoposide-or adriamycin-selected MRP-expressing sublines, we showed a high correlation between MRP mRNA and protein expression, and calcein efflux, suggesting that calcein efflux could be used as a mirror of MRP expression. When 23 of the compounds were used as antagonists, 10 were found to increase calcein fluorescence 200% at concentrations of 10 -100 M. One additional compound, NSC 627991, identified in the original screen as a potential substrate, could not be analyzed as an antagonist in the calcein efflux assay because of its intrinsic fluorescent properties. However, reduced accumulation could be demonstrated in cells overexpressing MRP compared with uptake and calcein efflux (e.g., NSC 654819) had very low levels of cross-resistance demonstrated in the MRP-overexpressing sublines compared with parental cells. These low levels of cross-resistance would have likely been considered insignificant; however, the evidence from the other assay suggests that these compounds do interact with MRP. These findings underscore the fact that not all the assays used have comparable sensitivities for all substrates. This can be explained by noting that the different assays developed to detect MRP interaction measure different things and can be affected differently. For example, in a given model, the cytotoxicity assays and the inhibition of calcein efflux may be affected by the presence or absence of specific conjugating enzymes necessary to confer cross-resistance. This possibility is supported by current evidence that suggests that MRP may transport drugs that have been modified to an anionic form by glutathione conjugation, glucuronidation, or sulfation (Jedlitschky et al., , 1996 Leier et al., 1994; Muller et al., 1994; Loe et al., 1996b) . On the other hand, the assay measuring inhibition of [ 3 H]LTC 4 uptake into vesicles requires that a drug interact directly with MRP, and in the cell-free system used, drug modification is unlikely to occur. Thus, this assay measures the interaction of unmodified drug with MRP. The differences in the various assays also can account for why two compounds can appear similar in one assay but differ in a second assay.
A comparison of the data from the various assays is summarized in Table 1 .
As with MDR-1, we were able to identify additional compounds that interact with MRP. However, compared with MDR-1, fewer compounds were identified, and the degree of cross-resistance was substantially less. Several possible explanations have been considered to explain the low correlations obtained with the MRP expression pattern. The first is that unlike MDR-1, MRP is expressed in all cell lines, and the range of expression is not as great as that of MDR-1, making statistical correlations less powerful. Although statistically correct, it must be remembered that using MDR-1 as the "seed," with 28 cell lines having a value of zero, high correlations were obtained and confirmed. Although the highest correlations with MDR-1 were obtained with a subset of the cell lines expressing what was considered to be a significant level of MDR-1, high correlations exceeding 0.9 also had been obtained for numerous compounds using the MDR-1 expression data of the 60 cell lines in the Compare analysis. A second possibility is that because MDR-1 and MRP share some substrates, the correlations are "dominated" by MDR-1, obscuring the contribution of MRP. Alternately, MDR-1 is a better pump than MRP and exerts a greater influence on the sensitivity profile. If true, one would predict that higher correlations would emerge when the analysis was restricted to the 28 cell lines without MDR-1 expression or the 52 with lowest levels of MDR-1. Either of these subsets should give meaningful correlations because studies with MDR-1 and nm23 have shown previously that high correlations can be obtained with a subset as small as eight cell lines (Alvarez et al., 1995; Freije et al., 1997) . However, when these analyses were performed, the MRP correlations did not improve (not shown). A third possibility was that resistance genes other than MDR-1 affect the results. Although this possibility cannot be excluded, the diversity of the compounds identified makes it unlikely that a single mechanism exists; instead, multiple mechanisms may be invoked, a tenable hypothesis but a very difficult one to prove. A fourth possibility considered and addressed was that MRP mRNA does not accurately represent MRP protein or function. This possibility seemed unlikely, given the lack of evidence of a significant discordance among MRP mRNA expression, protein levels, and drug resistance in published models, including the six MRPexpressing models presented here that show a high correlation among MRP mRNA, protein expression, and calcein efflux. Nevertheless, we pursued it by measuring calcein efflux in the 60 cell lines. Calcein efflux was determined as a measure of "MRP activity" in much the same way rhodamine efflux has been used to measure P-glycoprotein function. Rhodamine efflux successfully identified P-glycoprotein substrates as well as, or even better than, measurements of MDR-1 mRNA expression when used as a seed in the Na- tional Cancer Institute drug screen (Lee et al., 1994) . However, the failure to find higher correlations between the calcein efflux measurement and drug sensitivity suggested that this functional measurement did not improve the predictive potential of MRP, although the sensitivity of this assay was less than the PCR measurement. Indeed, it could be argued that this assay, which was validated in cells with higher levels of MRP, lacks sufficient sensitivity to be accurate in cell lines that have lower levels of MRP expression. In addition, as discussed below, we used an MRP substrate as the probe in a COMPARE analysis and were unable to increase the correlations. Thus, none of these explanations was satisfactory. It must be emphasized that although the correlations obtained were low, they were considered statistically significant based on prior experience measuring and validating other molecular targets and from the knowledge of what p value a given PCC represents. For example, a PCC of 0.500 represents a p value of 2 ϫ 10
Ϫ5
. Even though the activity of Ͼ40,000 compounds was compared, statistically, only one in 200,000 ( p ϭ 2 ϫ 10 Ϫ5 ) would by chance give such a PCC, a number considerably less than the 20 compounds found to have a PCC of Ͼ0.500. That 23 of the 36 compounds with the highest PCCs could be demonstrated by one or more assays to interact with MRP suggests the correlations were valid. Nevertheless, the values were substantially lower than those obtained when other molecular markers were studied and overall supports the conclusions that the levels of MRP expression alone cannot predict drug sensitivity.
Current evidence suggests that MRP may preferentially or exclusively transport compounds that have undergone prior detoxification (Jedlitschky et al., , 1996 Leier et al., 1994; Muller et al., 1994; Loe et al., 1996b) . Although the extent to which chemotherapeutic agents undergo such modification and the capability of malignant cells to do this remain to be determined, such a requirement could confound the analyses performed. If drug sensitivity mediated by MRP depends on other factors, such as the level of GSH or specific drug-conjugating enzymes, analyses that ignore the contribution of these factors will give low correlations. This could provide at least a partial explanation for the results obtained in our analysis, although it must be recognized that some of these contributing factors, such as GSH, are likely to be present in excess in the majority of cells and thus not limit MRP function. We actually considered this possibility early in our studies and used NSC 627991, a quinone identified as a potential MRP substrate, as the probe in a COMPARE analysis (not shown). We reasoned that sensitivity to this compound, which was not an MDR-1 substrate, might more accurately reflect MRP function. We also hoped that unlike calcein, which does not require intracellular metabolism before transport, this compound might require such intracellular conversion and would provide an integrated measure of the "MRP pathway." Using this approach, compounds with higher correlations were identified (the majority were quinones), but these could not be confirmed as MRP substrates. This does not exclude the possibility that the low correlations result because factors other than those discussed above have not been considered; it is likely that the pathway is complex, with, for example, more than one conjugating enzyme contributing to the phenotype (Jedlitschky et al., 1996) . It does, however, speak to the potential complexity. Future efforts will be directed at attempting correlations using several variables, including GSH levels and the expression and activity of several GSH transferases.
Finally, an analysis of the compounds with the highest PCCs revealed that quinones appeared more often than might have been expected. To establish a base-line, the percentage of quinone structures in the National Cancer Institute structure database (a group of 10,002 structures accessioned by the National Cancer Institute in 1976) was inventoried for quinone structures. This very large reference group contained 2.5% quinone structures. By contrast, among the top 50 compounds in the MRP COMPARE, there were 16 (32%) quinones, clearly more than would have been expected on a random basis. The reason or reasons for the high incidence of quinones are not certain at this time; it may have to do with quinone reactivity with OSH groups in molecules involved in detoxification processes. For example, anthraquinones such as mitoxantrone (hence, anthrapyrazoles and probably the anthracyclines) do react with glutathione via 1,4 addition reactions leaving an anionic conjugate.
In summary, we measured MRP expression in the 60 cell lines of the National Cancer Institute Anticancer Drug Screen. Low correlations were obtained when these values were used as a seed; this indicates that MRP expression is a poor predictor of drug sensitivity in these unselected cell lines. It is possible that other factors contribute to the MRP phenotype, and that until such factors are identified and characterized, a complete evaluation of the role of MRP in modulating drug sensitivity in these unselected cells and, by extrapolation, in untreated carcinomas will not be possible.
